The effect of temperature on seedstalk development, seed yield and quality in carrot (Daucus carota L.) was investigated in growth chambers at constant day/night temperatures of 33/28, 28/23, 25/20, 23/18, 20/15, and 17/12 °C. Days to flowering, seedstalk height, number of umbels, and seed yield decreased linearly with increasing temperature from 17/12 to 33/28 °C. Continuous high temperature (33/28 °C) had a detrimental effect on germination as measured by a standard germination test and an accelerated aging test. Optimum germination of the progeny occurred at 20/15 °C; however, germination rate was faster when seeds matured at 23/18 °C. Seeds that developed at 33/28 °C produced seedlings with the lowest vigor, while those which developed at 20/15 °C produced seedlings with the highest vigor. Brief exposure of plants to 33/28 °C during anthesis or early seed development was as detrimental to seed yield as continuous exposure to 33/28 °C. Exposure to high temperature (33/28 °C) during late seed development had less effect on seed yield, and seed quality was improved. Progeny vigor was reduced greatly by seed development at continuous high temperature (33/28 °C), but was unaffected by brief exposure to 33/28 °C at anthesis, early, or late in seed development. These results suggest that high (33/28 °C) day/night temperatures during pollination, fertilization, or early stages of seed development can greatly reduce carrot seed yield and seed quality.
Seed yield, seed quality, and seedling vigor are influenced by the growing environment of the mother plant (Austin, 1972) . Effects of temperature on flower initiation, flowering, and seed production of many agronomic and horticultural crops has long been recognized (Went, 1953) . Temperature appears to be the primary environmental factor that influences a seed crop from the vegetative phase to all stages of seed development and maturation.
Moderate to high seed maturation temperatures, compared to seed that matured under cool conditions, increased the germination capacity of freshly harvested seeds of sugarbeet (Wood et al., 1980) , lettuce (Harrington and Thompson, 1952; Koller, 1962) , barley (Khan and Laude, 1969) , forage grasses (Akpan and Bean, 1977) , hybrid rose (Van Abrams and Hand, 1956) , and alfalfa (Austin, 1972) .
Research on carrot seed production has dealt mainly with temperature effects during the early stages of seed development such as flower initiation, seedstalk development, and sex expression. Sakr and Thompson (1942) reported that growth temperatures of 10 to 15 °C following vernalization resulted in 60% to 100% flowering and was more favorable to reproductive growth in 'French Forcing' carrot than 15 to 21 or 21 to 27 °C. Dickson and Peterson (1958) found that, following cold storage of the roots, plants grown at 13 °C bolted earlier and produced more flowers than those plants grown at 18 °C. Quagliotti (1967) studied the influence of temperature on seedstalk development and sex expression in 'Amsterdam Forcing' carrot. At high temperature (26 °C), plants flowered earlier, but the seedstalk was weak. At low growing temperature (14 °C), the total number of flowers and fertile hermaphroditic flowers were more than twice the number obtained at 26 °C. The proportion of male flowers was higher at 26 than 14 °C. Eisa and Wallace (1969) reported that high temperature increased petaloidy in carrots and decreased seedstalk height. mined using a germination test and accelerated aging tests. For the accelerated aging test, at least 100 seeds in four replicates from each umbel order were placed on wire mesh screens in plastic containers above 100 mL water. The containers were sealed and incubated for 4 d at 41 °C and 100% RH. Seeds then were removed and dried at 15 °C and 25% RH for 7 d.
Seeds were germinated at 25 °C between moistened Whatman no. 1 and no. 3 filter papers in 9-cm petri dishes. Germination counted (radicles visible) was at 24-h intervals for 14 d. There were four replicates of 25 seeds/petri dish.
Mean days to germination (MDG) were calculated by the formula MDG = ∑GiTi/∑Gi, where Gi was the number of germinated seeds at day Ti, and Ti was the I-th day of germination (Gerson and Honma, 1978) .
Seedling vigor was determined by measuring the lengths, fresh weights, and dry weights of radicles and hypocotyls on four replicates of 10 seedlings after 14 d.
Experiment 2: The influence of temperature stress during various growth stages on seed yield and seed quality. The objective of this experiment was to investigate the effect of a brief exposure to high temperature at three stages of seed development on seed yield and seed quality.
Carrot stecklings were grown as previously described (Elballa and Cantliffe, 1987) in growth chambers set at 20/15 °C day/night. After seedstalk initiation, uniform plants were selected and exposed to one of the following treatments: continuous high temperature (33/28 °C), continuous low temperature (20/15 °C), transfer from 20/15 to 33/28 °C at flower anthesis, transfer from 20/15 to 33/28 °C at early seed development (10 d after flower anthesis), and transfer from 20/15 to 33/28 °C at late seed development (30 d after flower anthesis). After exposure to the high-temperature treatment (33/28 °C) for 10 d, plants in treatments 3, 4, and 5 were returned to low temperatures (20/15 °C) until harvest. Each treatment had six replications.
Each umbel was tagged, and all umbels undergoing the hightemperature treatment were harvested and used for subsequent seed quality testing. Seed yield and seeds per single umbel on each umbel order were counted. Seed germination and vigor were evaluated as described previously.
Results and Discussion
Experiment 1: Flowering and seedstalk development. Days to primary umbel anthesis decreased linearly as seed developmental temperature increased from 17/12 to 33/28 °C (Table 1) . Flowers on the primary umbel reached anthesis 48 d after planting when grown at 33/28 °C compared to 77 d when grown at 17/12 °C. These results are similar to those of Quagliotti (1967) in that plants grown at 26 °C flowered earlier than those grown at 14 °C. Similarly, found that bolting was quicker and umbel formation was completed earlier in plants kept at 27/21 or 32/27 than at 21/15 °C.
Growth at 33/28 °C reduced the final seedstalk height compared to plants grown at low temperatures (Table 1) . However, the relationship between temperature and seedstalk height was nonlinear. Similar effects of postvernalization Quagliotti, 1967) and postanthesis temperature stress have been reported. Dickson and Peterson (1958) reported that reproductive development rate in carrots was increased by high temperatures (27/21 °C). The effects of high temperature on seedstalk height may be attributable in part to decreased gibberellin-like activity in the shoot apex. found reduced gibberellin-like activity as postvernalization temperature increased from 21/15 to 32/27 °C.
Total umbels per plant and number of umbels on the secondary, tertiary, and quaternary umbels decreased linearly as growth temperature increased from 17/12 to 33/28 °C (Table 1) . For a description of flowering patterns in carrot, see Borthwick (1931) . The number of umbels on the secondary, tertiary, and quaternary orders was reduced by about 38%, 47%, and 50%, respectively, whereas the number of umbels per plant was reduced by 44% at 33/ 28 compared to 17/12 °C. Increasing the temperature from 17/12 to 25/20 °C had no effect on the number of umbels on the secondary and tertiary orders or total number of umbels per plant; however, an increase in temperature from 17/12 to 23/18 °C reduced the number of umbels on the quaternary umbel orders. These results agree with those results of who reported that high temperature reduced the development of lateral branches and decreased the total number of umbels.
Effects of growing temperature on seed yield. Seed fresh weight per plant and seed fresh weight per umbel order decreased as the temperature during seed development increased from 20/15 to 33/ 28 °C (Table 2) . Total seed number per plant and seed number on each umbel order were affected by growth temperature in a similar pattern to seed weight (data not shown). Plants kept at 33/28 °C were almost barren, which may reflect poor pollen viability and increased male sterility. Pollen viability is higher when carrot plants are grown at low temperature (Quagliotti, 1967) . High occurrence of petaloidy and a decrease in the ratio of hermaphroditic to male flowers may occur at high temperatures (Eisa and Wallace, 1969; Quagliotti, 1967) . Poor seed set at high temperatures in onions was associated with pollen sterility and abnormal embryo and endosperm development (Chang and Struckmeyer, 1975; 1976a , 1976b .
Seed germination and seedling growth. Germination of primary umbel nonaged seed was reduced when plants were grown at 33/28 and 17/12 °C compared to intermediate regimes (Table 3) . Secondary and tertiary umbel seed germination was only reduced when developmental temperature was 33/28 °C. Accelerated aging reduced the germination percentage of primary umbel seeds, irrespective of developmental temperature. The reduction in germination percentage was generally more severe at 17/12 and 33/28 °C than at intermediate developmental temperatures. Accelerated aging of seeds from the secondary and tertiary umbels caused less reduction in germination percentage than those on the primary umbel seeds. Secondary and tertiary umbel seeds that developed at 33/28 °C had the lowest germination percentage after aging.
Averaged over umbel orders and aging, seeds that developed at 20/15 or 23/18 °C had the highest germination percentage, while those that developed at 33/28 or 17/12 °C had the lowest germination percentage. Raper (1975a, 1975b) reported that tobacco mother plants grown under high temperatures (30/26 °C) produced seeds with lower germination percentage than those plants grown under low temperatures (22/18 °C). Heat stress during barley seed development severely decreased germination percentage of the freshly harvested seeds (Khan and Laude, 1969) . On the other hand, warm conditions during seed development have increased seed germinability (Evenari, 1965; Khan and Laude, 1969; Stearns, 1960) . Carrot seeds that developed at a day/night temperature of 30/20 °C germinated and emerged earlier than seeds that developed at 20/10 °C (Gray et al. 1988) .
Germination rate of primary and secondary umbel nonaged seeds was delayed by developmental temperatures of 33/28 and 17/12 °C compared to intermediate temperatures (Table 3) . Tertiary umbel seed germination was most rapid in seed produced at 23/18 °C. There was no difference among the other developmental temperatures.
After accelerated aging, germination of seed produced on all umbel orders was delayed. The delay in germination was usually least for seeds that developed at 23/18 °C (Table 3 ). Tobacco seeds produced at higher temperatures (30/26 °C) were slower to germinate than those produced under low temperatures (22/18 °C) Raper, 1975a, 1975b) . Similarly, low temperature (15/10 °C) during seed development resulted in a low rate of germination of many forage grasses (Akpan and Bean, 1977) .
Seeds on all orders that developed at high temperature (33/28°C ) had the shortest radicles and hypocotyls ( Table 4 ). Seeds that developed at 25/20 °C produced seedlings with the greatest vigor. Seedlings of forage grasses and tobacco were always larger from seeds that developed at low temperatures than at high temperature (Akpan and Bean, 1977; Raper, 1975a, 1975b) . The influence of temperature stress during various growth stages on seed yield and seed quality. Weight and number of seeds from primary and secondary umbels were reduced by short exposure to continuous high temperature, high temperature at anthesis, or high temperature during early seed development compared to continuous low temperature (Table 5 ). Whereas seed weight from tertiary umbels was not affected by high temperature at anthesis, fewer seeds were produced after exposure to continuous high temperature or to high temperature at anthesis or during early seed development. However, tertiary umbel seed number was unaffected by temperature.
These results suggest that high temperature effects on microsporogenesis and megasporogenesis may influence seed yield in carrots. Anthesis coincides with pollen development and germination, whereas early stages of seed development coincide with ovule development and endosperm division (Akpan and Bean, 1977; . A detrimental effect of high temperature stress on zygote formation and ovule development has been reported for bean (Ormrod et al., 1967) and onion Struckmeyer, 1976a, 1976b) .
Seed germination and seedling growth. Germination of nonaged seeds produced on primary and secondary umbels was severely reduced when parent plants were exposed to continuous high temperature (Table 6) . High temperature at anthesis or during early to late seed development had no effect on the germination of primary or secondary umbel seeds. Germination of tertiary umbel seeds was similar when seeds were produced under continuous high or low temperature. Germination was greater in seeds that were exposed to brief high temperature at anthesis or during early or late seed development compared to seeds produced under continuous high or low temperature.
After accelerated aging, primary and secondary umbel seeds 6.3 6.4 7.1 25/20 5.9 7.0 7.7 28/23 7.0 6.4 5.7 33/28 1.9 3.3 5.1 Significance L ** Q ** L ** Q ** L ** Q ** Hypocotyl length (cm) 17/12 5.5 6.2 6.5 20/15 6.4 6.8 6.4 23/18 6.4 6.7 6.6 25/20 7.0 7.1 7.6 28/23 7.0 6.8 7.0 33/28 4.3 5.5 5.8 Significance L ** Q ** L ** Q ** Q ** ** Significant effects were linear (L) or quadratic (Q) at P = 0.05 or 0.01, respectively. that were exposed to high temperature late in their development had more germination than seeds produced at other temperatures (Table 6 ). After aging, seeds from the tertiary umbels germinated poorly regardless of the temperature treatment.
High-temperature stress treatment had no effect on the MDG of nonaged seed produced on the primary and secondary umbels, but a delay of tertiary umbel seed germination resulted from exposure to high temperature early in seed development (Table 6 ). Hightemperature stress during late seed development enhanced germination rate after a stress-accelerated aging treatment, especially in primary and secondary umbel seeds. Germination rate of freshly harvested barley seed was enhanced by heat stress during the seed maturation stage (Khan and Laude, 1969) . This was explained by production of seeds with thinner seed coats and less inhibitor contents. More and faster germination after moderate maturation temperatures also was reported for onion , lettuce (Harrington and Thompson, 1952; Koller, 1962) , and bracted plantain (Stearns, 1960) . Fewer seeds were harvested from plants exposed to brief high temperature late in seed development. Possibly, only the highest-quality seed survived high temperature imposed during late seed development.
Seeds that developed under continuous high temperature produced less vigorous seedlings with shorter hypocotyls and radicles and lower weights compared to seeds of other treatments ( Table 7) . The effect of high temperature on progeny growth was more severe on seeds produced on primary and secondary umbels than on those developed on tertiary umbels. High temperature at anthesis or during early or late seed development had no effect on radicle length. However, hypocotyl length of seedlings produced from primary umbel seed was reduced by exposure to high temperature at anthesis.
The environment during seed development dictates the geographic location of seed production for many crops. Temperature is a primary factor that influences the seed crop from its vegetative phase through seed development and maturation. The few reports on the temperature response in carrot have dealt mainly with the early stages of the seed plant growth. Such reports fall short of evaluating temperature effects on seed yield, seed quality and seedling growth. Gray et al. (1988) exposed developing carrot seeds to temperatures of 20/10, 25/15, and 30/20 °C. Seeds that Table 6 . Effect of exposure to high temperature (33/28 °C) on germination and mean days to germination of progeny from different umbel orders, before and after seed aging. 6.6 6.7 6.7 Continuous high (33/28 °C) 4.3 5.6 5.8 Anthesis 6.6 6.9 6.6 Early seed development 6.0 6.4 6.4 Late seed development 6.7 6.1 6.0 LSD (0.05) 0.5 0.7 0.9 developed at 30/20 °C had the largest embryos, but there was no effect of temperature on endosperm and embryo weight. Pericarp weight decreased with an increase in temperature and seeds matured in the highest temperature germinated and emerged earlier. The results of our work suggest that continuous high temperature (33/28 °C) during pollination, fertilization, and early stages of seed development can greatly reduce carrot seed yield and seed quality. Thus, seeds from those umbels that are not exposed to high temperatures for extended periods of time and that allow the embryo and endosperm to fully mature will most likely be of the highest quality.
